Brucella infection in Hokkaido was serologically surveyed in four species of pinnipeds inhabiting Cape Erimo during 2008-2013 and the Shiretoko Peninsula in 1999 by ELISA using Brucella abortus and B. canis as antigens. Anti-Brucella positive sera showed higher absorbance to B. abortus than B. canis in almost all samples. Anti-B. abortus antibodies were detected in serum samples from 24% (n ¼ 55) of Western Pacific harbor seals (Phoca vitulina stejnegeri) in Cape Erimo and from 66% (n ¼ 41) of spotted seals (P. largha), 15% (n ¼ 20) of ribbon seals (Histriophoca fasciata) and 18% (n ¼ 17) of Western Steller's sea lions (Eumetopias jubatus jubatus) in the Shiretoko Peninsula. Anti-Brucella antibodies were detected at higher absorbance in 1-to 4-year-old harbor seals than in the pups and mature animals, suggesting either that Brucella infection mainly occurs after weaning or that it is maternally transmitted to pups with premature or suppressed immunity. Anti-Brucella antibodies were detected in both immature and mature spotted seals and ribbon seals, with higher absorbance in the former. The antibodies were detected only in mature Western Steller's sea lions. Western blot analysis of the serum samples showed some differences in band appearances, namely discrete versus smeary, and in the number of bands, indicating that multiple different Brucella may be prevalent in pinnipeds in Hokkaido. Alternatively, the Brucella of pinnipeds may have some intraspecies diversity.
abortion associated with B. pinnipedialis, has been reported in pinnipeds.
Serologic surveys of Brucella infection in marine mammals have shown that Brucella infection is prevalent in these animals worldwide (6, 7, 14) . Although there is very little information for the western Pacific, we recently reported a systematic sero-epidemiological study showing that Brucella are prevalent in three baleen whale species, namely the common minke whale (Balaenoptera acutorostrata), Bryde's whale (B. edeni brydei), and the sei whale (B. borealis), plus the sperm whale (Physeter macrocephalus), all of which inhabit the western North Pacific (9, 15) . Marked granulomatous testes, which are often observed in Brucella-infected ruminants, were found in adult males of the three baleen whale species, the common minke whale having a particularly high prevalence (9, 15) . PCR analysis using DNA extracted from granulomatous testes of common minke whales has shown that the Pacific whale Brucella possess marine Brucella specific sequences and the insertion of transposon and show greater molecular similarity to B. pinnipedialis rather than to B. ceti (16) . However, no information has thus far been available on Brucella infection in pinnipeds inhabiting the western North Pacific.
Several species of pinnipeds inhabit the coasts of Hokkaido, the northernmost main island of Japan. Harbor seals (Phoca vitulina) are widely distributed in the northern hemisphere. Cape Erimo in Hokkaido is the southernmost haul-out site for Kuril harbor seals or Western Pacific harbor seals (P. vitulina stejnegeri), a subspecies of this species. These seals stay at Cape Erimo year round and deliver their pups on rocks from April to May (17) . The pinniped population decreased up until 1970s because of hunting and other human activities including coastal fisheries, but it appears to have been increasing recently since a decline in hunting and legal protection came into effect (18) . Two ice seal species, spotted seals (P. largha) and ribbon seals (Histriophoca fasciata), are distributed mainly in the Sea of Okhostk and the Bering Sea. They appear with ice floes in winter along the northeastern coast of Hokkaido, including the Shiretoko Peninsula, which is almost the southern limit of their habitat. Most spotted seals migrate from the Sea of Okhotsk to Hokkaido, give birth in late March, and nurse their pups for 3 to 4 weeks (19) . Ribbon seals in Hokkaido belong to the Sea of Okhotsk population, deliver pups on the ice-pack in early April, and nurse them for approximately a month (19) . The Western Steller's sea lions (Eumetopias jubatus jubatus) examined in the present study belong to the Asian stock (20) . They give birth in June at their rookeries in the Kuril Islands (19, 21) , and appear on the eastern coast of the Shiretoko Peninsula and Nemuro Strait between November and May (21) .
To determine the prevalence of Brucella infection in pinnipeds inhabiting and wintering along the coast of Japan in the western North Pacific, we performed a serologic survey at Cape Erimo and the Shiretoko Peninsula in Hokkaido in the present study. 0 , E 145°11 0 ) were obtained from culled animals that had been shot and killed legally by hunters performing fisheries damage control activities in the coastal waters of the Nemuro Strait in January to March 1999 (Fig. 1) . Permission for collection of samples from Steller's sea lions was granted by the Hokkaido Fishing Zone Coordination Commission. One yearling spotted seal among 41 was captured alive by net on drift ice; its venous serum sample was collected on 1 April 1999. Serum samples were stored at À20°C until use.
MATERIALS AND METHODS

Serum samples
The state of health of all pinnipeds was observed grossly. Reproduction-related body features of the females Steller's sea lions were analyzed because they were in the late gestation period. Body measurement was performed according to previously described methods (22) . The maturity and age of the harbor and spotted seals were estimated according to the method of Naito and Nishiwaki (23) , and those of ribbon seals and Western Steller's sea lions mainly based on body length and examination of reproductive tracts (Ishinazaka, 2003 pers.com., [24] [25] [26] . The ages of some Steller's sea lions were determined by counting growth layers of the dentinum and cementum annuli of the upper canine teeth according to a previously reported method (27) .
ELISA
Anti-Brucella serum antibody was detected by ELISA using a commercially available inactivated B. abortus strain 125 (Kaketsuken, Kumamoto, Japan) and B. canis strain QE-13B (Kitasato Institute, Tokyo, Japan). They were solubilized in sample buffer (2% SDS, dithiothreitol 770 mg, 4.5 mL of 0.5 M TrisHCl, pH 6.8, in 10 mL of PBS) and boiled for 10 min. The dissolved bacterial proteins were absorbed to the inner surface of each well (50 mg/50 mL/well) of a 96-well microtiter plate. After blocking with Block Ace (1 g/100 mL; Yukijirushi, Tokyo, Japan), the sera, diluted at 1:100, were used as the primary antibody. After washing four times with PBS containing 0.05% Tween-20, HRP-conjugated protein A/G (Thermo Fisher Scientific, Waltham, MA, USA) diluted 1:5000 was used for detection. Color development was done by adding of substrate solution (Kirkegaard & Perry Laboratories, Gaithersburg, MD, USA), and stopped by stop solution (Kirkegaard & Perry Laboratories). The absorbance at 405 nm was measured by microplate reader (Bio-Rad., Hercules, CA, USA), and the arithmetic means of triplicate absorbance data with SD were calculated. An absorbance value higher than 0.2 was regarded as positive based on the values of serum samples from captive pinnipeds. The absorbance data of their serum samples were clustered in two groups; 0.01-0.15 (n ¼ 36) and 0.21-0.62 (n ¼ 15). The former was thought to be negative and the latter positive.
Western blot analysis
Western blot analysis was performed according to a previously described method (15) . In brief, proteins of solubilized B. abortus strain 125 and B. canis strain QE-13B were separated on 10% polyacrylamide gel by SDS polyacrylamide gel electrophoresis (20 mg/lane), and blotted onto a polyvinylidene difluoride membrane (Millipore, Billerica, MA, USA). Serum samples diluted to 1:100 were used as the first antibodies, after which HRP-conjugated protein-A/G (Thermo Fisher Scientific) diluted to 1:5000 was used for detection.
RESULTS
Prevalences of serum anti-Brucella antibodies assessed by ELISA in pinnipeds inhabiting Hokkaido
The prevalences of serum antibodies to B. abortus and B. canis, assessed by ELISA, are summarized in Table 1 . The antibodies were detected in harbor seals at Cape Erimo, and spotted and ribbon seals and Steller's sea lions at the Shiretoko Peninsula, but not in the three spotted seals at Cape Erimo. No relationship was found between Brucella antibody positivity and sex. Antibodypositive serum samples reacted to both B. abortus and B. canis, many samples showing greater absorbance to B. abortus than to B. canis antigens.
To examine age dependency, the antibody absorbance data of the four species of pinnipeds are shown in order of body length (Figs. 2-5). Many serum samples from harbor seals were from pups with body lengths of less than 125 cm. They had apparently been born in the sampling year and were estimated to be 6 to 8 weeks old based on the sampling date. Almost all pups were antibody negative, except for two positives that were close to the threshold (white arrowheads in Fig. 2 ). Ten 125-143 cm long seals were regarded as immature and estimated to be 1 to 4 years old. Nine of these ten were antibody-positive against B. abortus, seven of the nine immature antibody-positive animals showing greater absorbance than mature individuals and pups (Fig. 2) . Two of the five mature seals with body lengths of 160-197 cm were antibody-positive with mildly positive absorbance (Fig. 2) . The largest seropositive seal was a 180 cm long male that was estimated to be at least 5 years old (# in Fig. 2 ).
Spotted seals at the Shiretoko Peninsula showed the highest percentage of positivity for anti-Brucella antibodies among the pinniped species examined ( Table 1) . The antibodies were found in seals that ranged widely in body length (Fig. 3) . Three less than 100 cm long animals were estimated to have been born in the year prior to sampling, that is, to be approximately 10 months old. All three animals were antibody-positive, two of them showing high absorbance against B. abortus. Seals greater than 144 cm in length were regarded as mature. The largest seropositive animal, a 167 cm long male, was estimated to be more than 10 years old (# in Fig. 3) . Anti-Brucella antibodies were detected in both in mature and immature ribbon seals (Fig. 4) . Two less than 113 cm long animals were estimated to have been born in the year prior to sampling, that is, to be approximately 10 months old. One of them showed the greatest absorbance found in this species. Ribbon seals longer than 134 cm were regarded as mature and two were antibody-positive animals with mild absorbance. The largest seropositive animal, a pregnant female, was estimated to be approximately 8 years old (# in Fig. 4) .
Because sea lions have marked sexual dimorphism, antibody data for male and female animals are shown separately (Fig. 5) . Male animals longer than around 220 cm and female animals longer than around 205 cm were regarded as mature. They were estimated to be more than four to five years old (24) (25) (26) . Two seropositive mature males that were estimated to be 4 and 4 to 5 years old were thought to be physiologically mature but still socially immature, meaning that they probably did not participate in breeding (24, 25) . Only one seropositive female that was 233 cm length was pregnant; she was estimated to be 14 years old (# in Fig. 5b ). Of nine mature females the reproductive condition of which was examined, eight were pregnant (89% fertility rate); all appeared to be healthy.
Many serum samples examined in the present study demonstrated much greater absorbance to B. abortus than to B. canis; however, some serum samples from three species of pinnipeds at the Shiretoko Peninsula showed similar levels of absorbance to B. abortus and B. canis.
Western blot analysis confirmed specificity against B. abortus and B. canis antigens Because different reactivities to B. abortus and B. canis were found among antibody-positive serum samples by ELISA, antigen specificity was examined by western blot analysis using selected serum samples from two harbor seals, two spotted seals, a ribbon seal, and a Steller's lion (closed circles in Figs. 2-5 ). The two harbor seal serum samples (ID EZ0904 and EZ1003) showed greater absorbance against B. abortus than against B. canis by ELISA, their ELISA Fig. 2 . Antibody absorbance versus body length of harbor seals. Black and white columns indicate the arithmetic means of the triplicate absorbance data with their SDs (bars) against B. abortus and B. canis antigens, respectively. Each pair of black and white columns shows the data for one individual. Absorbance greater than 0.2 (dotted line) is regarded as positive. Body length was defined as the distance from the tip of the snout to the end of the hind legs in a straight line along the body axis (22) . The order of seals with the same body lengths was determined based on their weights. Dashed bidirectional arrows, range of estimated ages according to Naito and Nishiwaki (23) . Data for an antibody-negative female seal lacking biological information are not included in this figure; however they are presented in Table 1 . #, The largest seropositive seal was estimated to be more than 5 years old. The serum samples marked with closed circles were used in the western blot analysis (Fig. 6) . w, weeks; y, years. absorbance ratios (B. canis/B. abortus) being 80% and 55%, respectively (Fig. 2) . In western blotting analysis, these two harbor seal serum samples strongly reacted to both B. abortus and B. canis; however, more bands were detected against B. abortus than B. canis (Fig. 6 , Lanes 1 and 2). Many bands against B. abortus were smeary whereas those against B. canis were discrete (Fig. 6 , Lanes 1 and 2). The two spotted seal serum samples (ID G99016 and G99033) showed 48% and 94% ELISA absorbance ratios (Fig. 3) . One serum sample (G99016) showed similar bands to those of harbor seals, but fewer bands to B. canis (Fig. 6, Lane 3) . However, another one (ID G99033) showed fewer and sharper bands against both B. abortus and B. canis (Fig. 6 , Lane 4). The serum samples from a ribbon seal ( Fig. 4 ; ID K99006, ELISA absorbance ratio 86 %) and a Steller's lion ( Fig. 5 ; ID 99018, ELISA absorbance ratio 93%), showed fewer and discrete bands to both antigens (Fig. 6 , Lanes 5, 6), which was similar to that of the ribbon seal sample G99033 (Fig. 6, Lane 4) .
DISCUSSION
The present serologic study shows that Brucella had infected the examined four species of pinnipeds, harbor seals at Cape Erimo in Hokkaido; and spotted and ribbon seals and Steller's sea lions wintering around the Shiretoko peninsula in Hokkaido. These pinnipeds comprise the southernmost and westernmost subpopulations, respectively, of the western Pacific populations.
In harbor seals at Cape Erimo, greater absorbance of anti-Brucella antibodies was detected in 1-to 4-year-old individuals than in pups and mature animals (Fig. 2) . Low absorbance but positive anti-Brucella antibody in two pups may have indicated maternal antibodies (white arrowheads in Fig. 2 ). This result is very similar to that in a previous study of hooded seals (Cystophora cristata) in the north Atlantic population, which found that pups (<1 month old) had a lower percentage of seropositivity (2.5%) than yearlings (35.3%) (28) . A similar agedependent pattern of anti-Brucella antibodies has also been reported for eastern Pacific harbor seals (P. vitulina richardsi) (29) . Taken together, these data may indicate that pinnipeds are infected with Brucella post-weaning rather than by maternal transmission via the placenta and milk. Exposure to Brucella after weaning may occur through ingestion of food or animal discharges or through mucosal membranes during contact with infected material. As previously reported, lungworm may be involved in this transmission (30) . Recently, experimental infection has shown that marine fish can play a role in the transmission of B. pinnipedialis to hooded seals (31) . An alternative explanation is that the Fig. 3 . Antibody absorbance versus the body length of spotted seals at the Shiretoko Peninsula. Black and white columns indicate the arithmetic means of the triplicate absorbance data with their SDs (bars) against B. abortus and B. canis antigens, respectively. Each pair of black and white columns shows the data for one individual. Absorbance greater than 0.2 (dotted line) is regarded as positive. Body length was defined as the distance from the tip of the snout to the end of the hind legs in a straight line along the body axis (22) . The order of seals with the same body lengths was determined based on their weights. Dashed bidirectional arrows, range of estimated ages according to Naito and Nishiwaki (23) . Data for an antibodypositive male seal lacking biological information are not included in this figure; however, they are in Table 1 . #, The largest seropositive male seal was estimated to be more than 10 years old. The serum samples marked with closed circles were used in western blot analysis (Fig. 6) . m, months; y, years. Body length was defined as the distance from the tip of the snout to the end of the hind legs in a straight line along the body axis (22) . Dashed bidirectional arrows, ranges of ages estimated based on the body length (Ishinazaka, unpublished data). #, The largest seropositive pregnant female was estimated to be around 8 years old. The serum samples marked with closed circles were used in western blot analysis (Fig. 6) . m, months; y, years.
immune systems of pups aged 6 to 8 weeks are immature or suppressed from responding to maternally transmitted Brucella. More information on developmental and reproductive immunology in pinnipeds must be accumulated to investigate this possibility.
Anti-Brucella serum antibodies with substantial absorbance were found in mature spotted and ribbon seals at the Shiretoko Peninsula, the antibodies with higher absorbance being detected in 10 month-old animals of both species (Figs. 3, 4) . Among Steller's sea lions at the Shiretoko Peninsula, antibodies were detected only in mature individuals. The oldest seropositive sea lion was 14 years old. Because we did not have serum samples from pups of the three species of pinnipeds at the Shiretoko Peninsula, we do not know whether the pups possess anti-Brucella antibodies or have age-dependent antibody responses as seen in harbor seals at Cape Erimo. It is not clear whether these seropositive mature animals were infected early in life and the infection persisted latently into later life, or whether they were exposed to Brucella as adults. Larsen et al. (32) have recently reported that B. pinnipedialis hooded seal strains lack the ability to survive in macrophages and epithelial cells from these seals, which suggests that they are not the primary hosts of B. pinnipedialis. Further studies are required to clarify whether the Brucella persist or not in the pinniped populations in Hokkaido, Japan.
According to western blot analysis, two harbor seal serum samples showed many bands against B. abortus and B. canis (Fig. 6, Lanes 1 and 2 ). More bands were seen against B. abortus and some of them were smeared, suggesting that the Brucella infecting the two harbor seals in Cape Erimo were antigenetically similar to B. abortus and B. canis, but closer to B. abortus. In contrast, the Brucella infecting the pinnipeds in the Shiretoko Peninsula showed fewer bands (Fig. 6 , Lanes 4-6), suggesting they were more distantly related to B. abortus and B. canis. The bands of one spotted seal serum sample (Fig. 6, lane 3) had a unique appearance. Smeary bands were observed in the response to B. abortus, as in Lanes 1 and 2; however, fewer discrete bands were seen in the response to B. canis. These findings suggest that the Brucella of the lane 3 is much closer to B. abortus than B. canis and that the relationship to B. canis was the most distant of those in the present study. The appearance of smeary bands in the response to B. abortus (Fig. 6 , Lanes 1A, 2A, and 3A) may be attributable to differences between the two colony types of Brucella. The smooth colony type of B. abortus possesses LPS containing O-type polysaccharide in the outer membrane, as do B. melitensis, B. suis, B. neotome and B. ceti, wereas the rough colony type of canis antigens, respectively. Each pair of black and white columns shows the data for one individual. Absorbance greater than 0.2 (dotted line) is regarded as positive. Body length was defined as the distance from the tip of the snout to the end of the hind legs in a straight line along the body axis (22) . Numerals above the graph indicate ages estimated by counting dental layers according to a previously described method (27) . §, The order of the four samples with no information on body length and age were determined based on body weight.
Ã , Because this animal, for which we lacked information about body length was pregnant, she was regarded as mature. #, The seropositive female was estimated to be 14 years old. The serum samples marked with closed circles were used in western blot analysis (Fig. 6) . ND, age not determined.
B. canis has LPS without O-type polysaccharide (33) . Actually, serum samples from B. abortus-infected cow and Brucella-infected whales in the western North Pacific reportedly showed many bands, including smeary ones to B. abortus antigens (15) . The former (Lanes 1-3 in Fig. 6 ) and latter types (Lanes 4-6 in Fig. 6 ) may indicate infection with smooth and rough colony types of Brucella, respectively. This is consistent with a previous serologic study by Nielsen et al. that examined the reactivity of many seal serum samples infected with B. pinnipedialis (34) . It has been reported that not all seal serum samples react to LPS from B. abortus. At present, we cannot exclude the possibility that double infection with smooth and rough types of Brucella accounts for the reactivity seen in Lanes 1-3 of Figure 6 . To determine bacterial characteristics, including colony type, from serum responses, we need more detailed biochemical analysis using protein-or polysaccharide-digested antigens. Thus, multiple genetically different Brucella strains, which may have some genetic diversity, seem to circulate in the pinnipeds inhabiting or wintering at Hokkaido. Alternatively, the Brucella of pinnipeds may have some intra-species diversity. It is intriguing to compare the reactivity with B. canis in serum samples from Brucellainfected cetaceans inhabiting the western North Pacific, which formed only a few faint bands to B. canis (15) . This suggests that all of the Brucella infecting the pinnipeds examined in the present study are antigenically closer to B. canis than to B. ceti in the western North Pacific (15) . To understand the characteristics of pinniped Brucella, further isolation and microbiological and molecular biological analysis of the bacteria is necessary in future.
Research on the effect of Brucella infection on reproduction is important for the conservation and management of marine mammals. The sizes of pinniped populations in Hokkaido reportedly decreased until the early 1970s in harbor seals and until the 1990s in Steller's sea lions; however, they now seem to be recovering (18, 35) . The population of another stock (western stock) of the Western Steller's sea lion, which has rookeries in the Aleutian Islands and central to western Gulf of Alaska (20) , reportedly declined greatly from the late 1970s to 1990s. However, because no convincing serologic evidence of Brucella infection has been detected in Alaska, Brucella infection is not likely to have been involved in this dramatic decrease in the sea lion population (36) . Although we detected anti-B. abortus antibodies in 18% (Table 1 ) of Steller's sea lions in the present study, we had no pathological evidence of Brucella infection. As to reproductive ability, eight of nine mature females (89%) were pregnant with healthy fetuses. These data together suggest that Brucella infection does not severely affect the fertility of Steller's sea lions wintering at the Shiretoko Peninsula.
We must continue the surveillance of Brucella infection in pinnipeds inhabiting the western North Pacific because there were few samples in the present study. Understanding the pathogenicity, transmission route and possibility of latent infection of the Brucella in these pinniped populations is important for conservation of wild animals and maintenance of marine ecosystems. Recent climate changes may have severe impacts on the life histories of pinnipeds and interactions between wild animals. Given that pinnipeds occupy a unique ecological niche connecting lands and waters, the study of B. pinnipedialis will provide important insights into distribution and circulation of Brucella worldwide. 
